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ABSTRACT:  From an investigation of varying the steric bulk of a flexible ligand, we have produced a family of structures 
using similar reaction conditions. Even small changes from a hydrogen atom to a methyl to an ethyl group on the ligand 
influences the structural outcome, which can also be steered by the nature of the metal source. We employed Schiff base 
ligands by combining o-vanillin and three different 2-amino-1,3-propandiol units, leading to H3L1 (R=hydrogen), H3L2 
(R=methyl) and H3L3 (R=ethyl). The differing nuclearities of the three clusters, 1 to 3, originate mainly from the steric influ-
ence, while this effect is not seen in complex 4 to 6, where the general butterfly motif is maintained. We present here the 
synthesis, crystal structures and magnetic properties of six new CuII-LnIII complexes, providing valuable insight into future 
synthetic directions. The topological part includes a table of all CuII-DyIII complexes with nuclearities higher than four and 
their topological motif. The investigation of the magnetic behaviors reveal that all six complexes show frequency dependent 
signals in the out-of phase ac susceptibility, which is indicative for SMM behavior.  
 
Introduction 
 Since the discovery of Single Molecule Magnets 
(SMMs) exemplified by mixed valence polynuclear Mn12 
carboxylate coordination clusters in the early 90s,1,2 such 
coordination clusters have attracted much attention, not 
only due to their possible applications,3,4 but also due to the 
investigation of the fundamental aspects of magnetic inter-
actions and magneto-structural correlations.5–7 These are 
necessary in order to design new molecular-based magnets. 
Polynuclear complexes based on transition metals and/or 
lanthanide ions were studied as SMMs6,8–11 and, more re-
cently, interest in mixing 3d and 4f ions within coordina-
tion complex based systems such as 1-D chains and zero 
dimensional coordination clusters have been widely stud-
ied.6,7 However, amongst these, CuII-LnIII systems have re-
ceived relatively little attention in terms of their SMM 
properties up to now.12–20 Nevertheless, it is advantageous 
for complexes to combine highly anisotropic 4f ions such 
as DyIII with the quantum spin CuII d9 ion. In the case of 
CuII-DyIII dimers, which are incorporated into the pockets 
available in Schiff base ligands incorporating o-vanillin, 
the coupling between these metal centers is often observed 
to be ferromagnetic.21,22 This can even be seen in bigger 
clusters, where ferromagnetic behavior is still dominant, 
leading to enhancement of the magnetic behavior, as seen, 
for example, in Cu8Dy3,
23 Cu6Gd6,
24 Cu6Ln2,
25 Cu5Ln2 
26 
and Cu4Dy4.
27  
   We previously showed that by replacing the alcohol 
group of the “tris” ligand, where tris = tris-(hydroxy-me-
thyl)aminoethane, with an ethyl group, leading to the lig-
and H3L3, 2-ethyl-2-((2-hydroxy-3-methoxybenzyl-idene) 
amino)propane-1,3-diol and see Scheme 1, it is possible to 
adapt the synthesis of Cu5Ln2 compound
28 to produce a re-
lated, but expanded, Cu9Ln2 compound.
29 Here we describe 
our effort to test the boundaries of this system by “fine-
tuning” the ligand to test its limits. Thus, we explored the 
further effects of changing the ethyl group to a methyl 
group in addition to completely exterminating alkyl group 
steric influence. These endeavors have led to new crystal 
structures containing a plethora of molecules with interest-
ing topologies and varied magnetic properties.  
 The motivation for this is the fact that it is currently al-
most impossible to predict the outcome of the synthesis of 
3d-4f clusters in terms of their nuclearities and overall core 
structures. This is particularly so when the 3d partner has a 
plastic coordination geometry, usually dictated by the rel-
ative importance of crystal/ligand field effects which can 
be counted as the first order perturbation for these ions. 
Particularly susceptible to these effects are ions such as 
CuII as a Jahn-Teller d9 system and the FeIII high spin d5 
system. In the latter case, the lack of any ligand field stabi-
lization energy leads to manifold distortions of the local 
coordination geometry of the 3d ion and therefore more 
possibilities for accessing excited states, whilst in the for-
mer case, the need to lift the degeneracy of the unequally 
occupied eg orbitals in octahedral ligand fields leads to a 
wide variety of 4, 5 and 6 fold coordination geometries.30,31  
 Nevertheless, such ions (both of which can be counted 
as quantum spins at the purest level) when combined with 
4f metal ions can produce some of the most intriguing 3d-
4f single molecule magnets.32–35 A key factor seems to be 
the nature of both the 3d coordination geometry and that of 
the 4f ion. When looking at the impressive, very large CuII-
DyIII clusters found in the literature,19,20,27,29,36–51 it is clear 
that it is difficult to understand the formation pathways and to 
analyze the details of the individual coordination sphere of the 
3d and 4f ions. On the other hand, a systematic investigation 
of smaller 3d-4f clusters, and in particular, as we report here, 
for CuII-DyIII clusters which result from small stepwise 
changes in the synthetic route and where the ligand differs 
only in the non-coordinating part, gives insights into the di-
recting properties of the ligand and thus for further ligand de-
sign.  
 Here we report the synthesis and characterization of six 
new CuII-DyIII clusters and incorporate their topological de-
scription into a CuII-DyIII topological database.  
Results and Discussion 
 Synthetic Strategy. The syntheses of the different lig-
ands and reaction conditions for each compound can be 
found in the experimental section. We choose Schiff base 
ligands derived from o-vanillin since these have two pock-
ets which can capture metal ions, in some case these can be 
ions with differing HSAB character and differing coordi-
nation requirements.52 Here one pocket is formed by the 
phenoxo oxygen and the imine nitrogen, labelled as pocket 
1 from now on. The second pocket, which is defined by the 
phenoxo and the methoxy oxygens, can incorporate either 
one CuII or one DyIII ion but can also remain vacant, and is 
from now on labelled as pocket 2, see Scheme 1. 
Scheme 1. Available pockets derived from o-vanillin for 
metal coordination within ligands H3L1 to H3L3, with R = hy-
drogen (L1), methyl (L2) and ethyl (L3). 
 
 We followed a synthetic route where we scanned all 
combinations of either Cu(NO3)2
.3H2O or CuBr2 along 
with Dy(NO3)3
.6H2O and the related Schiff base ligands 
with R = ethyl (L3), methyl (L2) or hydrogen (L1), see 
Scheme 2 and Table 1. Using the previously reported syn-
thetic method for complex 1, [Cu9Dy2(3-OH)4(3-
Br)2(L3)2(HL3)4(Br)2(NO3)2(MeOH)4],
29 we observed that 
the combinations containing bromide ions lead to three 
completely different structures with the three ligands (1 to 
3). On the other hand, we can see a clear trend when nitrate 
counter ions are available. In this case, it seems that the 
differences in steric influence of the different ligands has 
no impact on the structure and a butterfly Cu2Dy2 com-
pound (4 to 6) is always isolated. Complex 1, a Cu9Dy2 
compound, was previously published,29 but was the origin 
of this endeavor, and therefore will be mentioned in some 
parts of the following analysis. 
 
Scheme 2. Ligands H3L1, H3L2 and H3L3. 
 
Table 1. Reaction conditions leading to the formation of com-
plex 1 to 6. 
Dy(NO3)3     +  H3L3 H3L2 H3L1 
CuBr2 Cu9Dy2 (1)
29 Cu3Dy2 (2) Cu5Dy5 (3) 
Cu(NO3)2 Cu2Dy2 (4) Cu2Dy2 (5) Cu2Dy2 (6) 
 
Structural Description.  
 Complex 1, [Cu9Dy2(3-OH)4(3-Br)2(L3)2(HL3)4(Br)2 
(NO3)2(MeOH)4] will not be described here, but is men-
tioned for completeness of the analysis. For the structural 
description see Powell et al.29 
 Under similar synthetic conditions as used to obtain 
complex 1, but replacing the ethyl group on the ligand 
 (H3L3) with a methyl group (H3L2) (see Scheme 2), we 
were able to crystallize a pentanuclear compound. Com-
plex 2, [Cu3Dy2(3-OH)(L2)(HL2)3(H2L2)(MeOH)2]Br. 
4MeOH crystallizes in the monoclinic space group P21/c 
with Z = 4. The structure of 2 is shown in Figure 1, together 
with its core structure, which helps to illustrate the connec-
tion modes between the different metal centers. The core 
has some similarities to a previously published Cu3Ln2 
structure from Vaz et al. 53 
 
 
Figure 1. Molecular structure of Cu3Dy2 (2) (above) and its cluster 
core (below). Organic H atoms and minor disorder omitted for clar-
ity, bridging Cu-O and Dy-O highlighted in orange, CuII Jahn-
Teller axes shown as dashed lines. 
 Interestingly, there are five L2 ligands chelating the five 
metal centers in complex 2, with three different coordina-
tion modes, see Scheme 3. Three out of five ligands are 
doubly-deprotonated, HL2, (Scheme 3, left).  
 
Scheme 3. Different coordination modes of L2 in Cu3Dy2 (2). 
 
 All three each chelate one CuII ion in pocket 1. The che-
lating diol oxygen additionally links to a DyIII ion. The one 
singly-deprotonated ligand, H2L2, chelates to Dy(2), 
(Scheme 3, middle) which is incorporated into pocket 1. 
The fully deprotonated ligand, L2, (Scheme 3, right) shows 
an unusual but very symmetric coordination mode and 
builds the link between four metal centers, due to the fact 
that both diol arms of the ligand, O(4) and O(5) are each 
3-bridging between both DyIII ions and one CuII. This 
leaves a single copper ion Cu(1) not coordinated by this 
ligand.  
 Compound 3, [Cu5Dy5(4-O)(3-OH)3(L1)3(HL1)4 
(NO3)2(MeOH)2] [Cu5Dy5(4-O)(3-OH)3(L1)3(HL1)4 
(NO3)(MeOH)3(H2O)](NO3)∙H2O∙25MeOH crystallizes in 
the triclinic space group P1̅ with Z = 2. In the asymmetric 
unit there are two crystallographically-independent but al-
most isostructural Cu5Dy5 coordination clusters, which dif-
fer only in the peripheral ligands chelating Dy(3) and 
Dy(4) in molecule 1, and the corresponding atoms Dy(8) 
and Dy(9) in molecule 2. Detailed crystallographic param-
eters are given in Table S1. 
 The complete structure of cluster molecule 1 in com-
pound 3 is shown in Figure 2, together with the central 
core, in which the central Dy5 polyhedron is highlighted. 
The structure consists of a tetrahedron of DyIII ions, Dy(1) 
to Dy(4), around a 4-oxygen, O(1), with the four Dy-O(1) 
bonds shown as pink in Figure 2. One edge of this Dy4 
tetrahedron, Dy(1)-Dy(2), is then shared with a Dy3 trian-
gle defined by Dy(1), Dy(2) and Dy(5). 
 
 
Figure 2. Molecular structure of Cu5Dy5 cluster 1 in 3 (above) 
and its cluster core (below). Organic H atoms omitted for clar-
ity, Dy-(-O) bonds pink, remaining bridging Cu-O and Dy-
O bonds orange; aromatic rings highlighted according to co-
ordination mode of their respective ligand, see Scheme 4), 
Dy5 polyhedron in the core highlighted for clarity. 
 
  At the same time, a slightly distorted heterocubane is 
built up by Cu(1) together with Dy(1), Dy(3) and Dy(4), 
three 3-oxygens, O(3), O(11) and O(23), and the 4-oxy-
gen, O(1). Cu(2), Cu(3) and Cu(4) are each linked by a 3-
bridge and an additional 2-bridge to two neighboring DyIII 
ions. Cu(5) is only linked by two 2-bridges to Dy(5) and 
is therefore a dangling rather than a bridging entity in rela-
tion to the Dy5 core. 
 In total, there are seven L1 Schiff base ligands in the 
structure, labelled according to their nitrogen atom. Within 
the structure these seven Schiff base ligands show five dif-
ferent coordination modes, which are summarized in 
Scheme 4 and are highlighted in different colors to help 
locating them within the complex shown in Figure 2. Lig-
ands 1 to 3 are fully deprotonated, while ligands 4 to 7 are 
only doubly deprotonated with one diol oxygen still proto-
nated. Ligands 2 and 3 show the same coordination mode, 
as do ligands 6 and 7. The great coordinative flexibility of 
the ligand makes it possible to connect up to five metal 
ions. Thus, although complexes 1 and 2 have already 
shown a great variety of coordination modes concerning 
their ligands, here the variety is even greater. As seen in 
the previous two complexes, pocket 2, which is more flex-
ible in incorporating metal ions, is in this complex only oc-
cupied for ligand 1 with a DyIII ion, otherwise remains va-
cant. Pocket 1 instead, is either occupied by a CuII or a DyIII 
ion, which is then additionally chelated by one of the diol 
oxygens. Only in the case of ligand 5 do both diol oxygens 
chelate the DyIII ion which is incorporated into pocket 1. 
 
Scheme 4. Coordination modes of the organic ligands in 
Cu5Dy5 (5), (ligands numbered according to their N atom; lig-
ands 2 and 3 have the same coordination mode, as do ligands 
6 and 7). 
 
 In order to investigate the origin of the structural differ-
ences between these three complexes, it is helpful to show 
the coordination modes of ligand L3 within the previously 
reported Cu9Dy2 (1) here as well (see Scheme 5).
29 There 
are several rationales on comparing the different coordina-
tion modes leading to the three different structures. 
 First of all, the steric impact of the ethyl group in ligand 
H3L3 has to have an effect on the ligand coordination, es-
pecially on the flexibility of the diol arms. In the case of 
complex 3 we also have the special case of ligand 5 (see 
Scheme 4), where both diol oxygens chelate the DyIII ion, 
which is incorporated into pocket 1. Obviously, this coor-
dination mode was not observed in complex 1. Instead we 
can see a similar coordination mode in the case of complex 
2 (see Scheme 3). Thus, it seems that the methyl group does 
not have a strong steric influence, probably due to its 
smaller size. 
 
Scheme 5. Coordination modes of H3L3 in Cu9Dy2 (1) (high-
lighted in colors related to Figure 1). 
 
  
 In a second attempt to figure out the origin of the dif-
ferences in the complex formation, we had a closer look at 
the angles between the imine nitrogen atom, the sp3 carbon 
atom next to it, and both of its neighboring carbon atoms 
(see Scheme 6 and ESI, Table S2). The average (N-C9-
C10/11) bond angle increases from 105.95° for 1, 106.66° 
for 2 and 108.45° for 3. A similar trend was found for the 
angle which incorporates the sp3 carbon atom C9 (C10-C9-
C11), where the angles become more obtuse from 109.61° 
for 1, to 111.05° for 2 and to113.29° for 3. Both trends sup-
port the role of the steric impact of the ethyl group, which 
makes the ligand more rigid and thus the angles stay 
smaller in the case of complex 1. 
 
Scheme 6. Numbering of atoms within the Schiff base ligand 
with R = H (H3L1), Me (H3L2) and Et (H3L3). 
 
 When using a metal ion mixture with only nitrate con-
taining metal salts, under similar conditions as for complex 
1 to 3, isostructural butterfly Cu2Dy2 compounds (4, 5 or 
6) were obtained with all three ligands. [Cu2Dy2(3-
OMe)2(HL3)2(NO3)4]∙2MeOH (4) crystallizes in mono-
clinic P21/n with Z = 2, and is isomorphous to compound 
5, [Cu2Dy2(3-OMe)2(HL2)2(NO3)4]∙2MeOH. [Cu2Dy2(3-
OMe)2(HL1)2(NO3)4] (6) crystallizes differently, without 
lattice solvent, in monoclinic P21/c with Z = 2, but the 
Cu2Dy2 cluster is still closely isostructural to those in 4 and 
5; all three clusters have crystallographic inversion sym-
metry. Detailed crystallographic parameters for all three 
complexes are given in Table S5. Therefore, complex 4 
 will be described as typical for complexes 4 to 6, shown in 
Figure 3. 
 The centrosymmetric butterfly structure of 4 has the 
“body” formed by two CuII ions and the “wings” by two 
DyIII ions, with all four metal centers coplanar. Cu(1), 
Cu(1’) and Dy(1) are bridged by the oxygen O(1) of a 3-
OMe ligand, although this bridge is unsymmetrical, as 
Cu(1)-O(1) involves an equatorial site on Cu(1), whereas 
Cu(1’)-O(1) defines the elongated Jahn-Teller axis of the 
CuII ion. Additionally, Cu(1) is bridged by two deproto-
nated 2-oxygens from the organic ligand to Dy(1) via O(2) 
and to Dy(1’) via O(4). The Schiff base ligands in the struc-
ture are thus doubly-deprotonated, with the remaining al-
cohol arm coordinating to Dy(1’). Their bridging mode, see 
Figure 4 (right), is similar, but not the same, to the 3-brid-
ing mode (purple in Scheme 5) observed in complex 1. 
 
 
Figure 3. Molecular structure of Cu2Dy2 (4) (Hydrogen atoms 
omitted for clarity, all bridging Cu-O and Dy.O bonds orange) 
(left), and the coordination mode of HL3 in Cu2Dy2 (4) (right). 
 
Topological Analysis.  
 For the topological analysis we used the TOPOS soft-
ware54 which adopts the NDk-m55 symbolism. This is a 
helpful method to describe coordination clusters that uses 
only monoatomic bridges to create a “decorated core” 
which in turn can be used to assess their similarities with 
clusters reported in the literature.  
 To date, the synthesis of polynuclear Cu/Dy CCs has 
received considerable attention and fifty-five compounds 
with nuclearities ranging from 4 to 60 have been previously 
reported (Table 2), with the ligands shown in Scheme S2, 
see ESI. Table 2 shows the abbreviated molecular formula, 
but the complete table can be found in the ESI, Table S3. 
The topological representation of these compounds is 
shown in Figure 4 and the organic ligands utilized for their 
synthesis are shown in Scheme S2, see ESI. Mostly Schiff 
base ligands have been used. The coordination pockets of 
the organic ligands used for the synthesis of the present 
Cu/Dy coordination complexes are similar; with the only 
variable being the R group and the anion (Br or NO3). The 
ligands used in this study offer two pockets for coordina-
tion and the hydroxyl groups pose ideal candidates to 
bridge several metal centers.56  
 The topological representation of compounds 1 to 6 are 
shown in Figure 5. An automatic subgraph search, to cor-
relate the lower nuclearity topologies (4 to 6) with the 
higher nuclearities (1 to 3), reveals that that the decorated 
motif of the three tetranuclear (4 to 6) and one pentanuclear 
compound, complex 2, could not be identified, via the au-
tomatic graph procedure, within the decorated motif of the 
decanuclear complex 3 and undecanuclear compound 1. 
The minor change on the organic backbone of the ligands 
L1, L2 and L3, used in this study, leads to significant topo-
logical variations by using different Cu salts. The present 
work can be utilized as a database of polynuclear Cu/Dy 
CCs and analogous studies have been reported for Co/Ln 
and 3d/4f CCs.57,58 
 
Table 2. Polynuclear Cu/Ln compounds with nuclearities 
equal to and higher than 4 and their structural motif detected 
with TOPOS. 
En-
try 
Formula Ligand 
Nucle-
arity 
Motif 
Re
f. 
1 CuII2Dy
III
2 L25, HL26 4 1,2M4-1 
59 
2 CuII2Dy
III
2 HL27 4 2,3M4-1 
60 
3 CuII2Dy
III
2 HL28, HL29 4 2M4-1 
61 
4 CuII2Dy
III
2 L30 4 1,2M4-1 
62 
5 CuII2Dy
III
2 H3L31, HL9 4 2M4-1 
63 
6 CuII2Dy
III
2 HL33 4 2,3M4-1 
64 
7 CuII2Dy
III
2 H3L35 4 (1M2-1)2 
65 
8 CuII2Dy
III
2 HL36,L37 4 1,2M4-1 
66 
9 CuII2Dy
III
2 H2L38 4 1,2M4-1 
67 
10 CuII3Dy
III H2L40 4 1,2M4-1 
68 
11 CuII3Dy
III H6L32 4 1,3M4-1 
69 
12 CuII2Dy
III
2 H2L42 4 4(0) 
70 
13 CuII2Dy
III
2 HL41 4 2,3M4-1 
71 
14 CuII3Dy
III H4L34 4 1,3M4-1 
72 
15 CuII2Dy
III
2 H2L43 4 (1)+(0)M4-1 
73 
16 CuII2Dy
III
2 L55 4 4(0) 
74 
17 CuIIDyIII4 L1 , H2L2 5 2,4M5-1 
60 
18 CuII4Dy
III H2L45 5 2,4M5-1 
20 
19 CuII3Dy
III
2 H6L34 5 2,4M5-1 
75 
20 CuII3Dy
III
2 L1, L3 5 2,3,4M5-2 
53 
21 CuII3Dy
III
2 HL39 5 (1,2M3-1)+2(0) 
76 
22 CuII4Dy
III
2 HL4 6 4M6-1 
77 
23 CuII5Dy
III H2L5 6 1,5M6-1 
78 
24 CuII5Dy
III H2L6 6 1,5M6-1 
60 
25 CuII4Dy
III
2 HL9, HL10 6 1,2,2M6-1 
79 
26 CuII3Dy
III
3 H2L5 6 
(1,5M6-
1)+(1,5M6-1) 
80 
27 CuII5Dy
III
2 H3L11 7 3,6M7-1 
26 
28 CuII5Dy
III
2 H2L48 7 3,6M7-1 
75 
29 CuII6Dy
III HL12 7 2,6M7-1 36 
 30 CuII4Dy
III
4 H2L13 8 2M8-1 
27 
31 CuII6Dy
III
2 H4L48 8 8(0) 
48 
32 CuII4Dy
III
4 H4L49 8 8(0) 
75 
33 CuII5Dy
III
4 H3L14 9 4,5,8M9-1 
37 
34 CuII6Dy
III
3 H2L15 9 3,6M9-1 
19 
35 CuII6Dy
III
3 H2L46 9 3,6M9-1 
20 
36 CuII2Dy
III
7 H3L14 9 3,3,4,8M9-1 
38 
37 CuII7Dy
III
2 H2L16,H2L17 9 2,2,4,4M9-1 
39 
38 CuII5Dy
III
4 H4L49 9 9(0) 
81 
39 CuII8Dy
III
2 HL18 10 4,5,7M10-1 
40 
40 CuII9Dy
III
2 H3L44 11 1,2,3,4,611M-1 
29 
41 CuII9Dy
III
2 HL19 11 2,4,5,8M11-2 
41 
42 CuII8Dy
III
3 H3L20 11 2,3,4M11-1 
42 
43 CuII8Dy
III
4 HL21 12 3,6M12-1 
43 
44 CuII8Dy
III
4 HL50 12 3,6M12-1 
49 
45 CuII6Ln
III
6 H2L53 12 (2,3M4-1)3 
50 
46 CuII10Dy
III
2 H2L50 12 
(1,5M6-
1)+(1,5M6-1) 
80 
47 CuII10Dy
III
2 H2L51 12 
(1,5M6-
1)+(1,5M6-1) 
82 
46 CuII10Dy
III
2 H2L52 12 
(1,5M6-
1)+(1,5M6-1) 
82 
49 CuII6Dy
III
6 H2L47 12 (1M2-1)6 
24,47 
50 CuII4Ln
III
9 H2L52 13 (3,3,5M12-1)+(0) 
50 
51 CuII6Ln
III
8 H3L55 14 14(0) 
83 
52 CuII4Dy
III
12 H3L14 16 3,4,6,8M16-1 
38 
53 CuII8Dy
III
9 H2L22 17 2,2,2,2,4,4,5,6,6M17-1 
44 
54 CuII24Dy
III
8 L23 32 2,3,5,6,6M32-1 
45 
55 CuII36Dy
III
24 HL24 60 4,4,5,6M60-1 
46 
56 CuII3Dy
III
2  complex (2) 5 2,3,4M5-2  
57 CuII5Dy
III
5 complex (3) 10 
1,2,2,3,4,5,5,6,6M10-
1 
 
58 CuII2Dy
III
2 complex (4) 4 2,3M4-1  
59 CuII2Dy
III
2 complex (5) 4 2,3M4-1  
60 CuII2Dy
III
2 complex (6) 4 2,3M4-1  
 
  
Figure 4. Topological representation of Cu-Dy compounds listed in Table 2.  
 
  
  
  
Figure 5. Topological analysis of complex Cu9Dy2 (1) (top 
left), Cu2Dy3 (2) (top right), Cu5Dy5 (3) (bottom left) and 
Cu2Dy2 (4) (bottom right) in comparison. Topological analysis 
of Cu2Dy2 (4) is representative for (5) and (6), respectively.  
 
 The topological analysis of Cu9Dy2 (1) was already 
published29 and is 1,2,3,4,6M11-1 shown in Figure 5 and 
entry number 41 in Table 2. Complex 1 does not show, as 
expected from the structural analysis, any hint of a relation 
to a previously described topology within Cu/Dy CCs, or 
any other topology described here. But we could show that 
compound 1 is topologically related to a Cu5Gd2 com-
pound.28 While Cu9Dy2 can be described as 1,2,3,4,6M11-
1, the pentanuclear complex 2 is described as 2,3,4M5-2 
and the decanuclear complex 3 as 1,2,2,3,4,5,5,6,6M10-1. 
To the best of our knowledge, 1 and 3 are not related to any 
structural motif whereas 2 is the second paradigm53 within 
the Cu/Dy literature, which is summarized in Table 2. 
Thus, to the best of our knowledge, whereas 1 forms an 
extension of the topology previously observed for a 
Cu5Gd2 copound
28 and 2 has the same topology as the pre-
viously described Cu3Dy2,53 the topology of 3 is completely 
new, see Table 2. 
 As a result of their having the same structural motif, 
complexes 4 to 6 have the topological description of 
2,3M4-1. This butterfly motif is very common in the liter-
ature for all the transition metals and can be found for the 
Cu/Dy structures in Table 2 as entry number 26, 31, 
38.64,71,84 Although they all have the same topological name, 
this analysis does not reveal which position is occupied by 
which metal center. Only the Cu2Dy2 structure published 
by McInnes et al. shows the same metal arrangement as in 
the case of complex 4 to 6,71 with the “body” formed by 
two CuII ions and the “wings” by two DyIII ions. 
 
SHAPE Analysis.  
 It is well known, that the coordination geometry of lan-
thanide ions has an important influence on the magnetic 
behavior.7,11,85 In order to describe the geometries of the 
lanthanide ions within the structures, they were analyzed 
using the software SHAPE.86 The continuous shape meas-
ure accompanying each geometry is a measure of how 
much it deviates from an idealized polyhedron, zero being 
ideal. The six “best” suggested geometries are given in Ta-
ble 3 and 4.  
Table 3. Results of the SHAPE analysis for the eight-coordinated 
DyIII ions in complex 2 and 3. 
 CU-8 SAPR-8 TDD-8 JBTPR-8 BTPR-8 JSD-8 
Dy(1) [2] 11.254 1.038 1.736 1.843 1.648 3.597 
Dy(1) [3] 12.579 2.033 2.765 2.554 1.503 4.597 
Dy(2) [3] 11.573 2.563 2.211 3.240 2.938 4.071 
Dy(3) [3] 10.294 3.829 1.266 3.386 3.337 3.055 
Dy(4) [3] 14.156 4.394 2.472 3.318 2.740 3.963 
Dy(5) [3] 8.606 3.576 1.014 3.192 2.466 3.524 
 
Table 4. Results of the SHAPE analysis for the nine-coordinated 
DyIII ions in complex 1, 2 and 4. 
 MFF-9 CCU-9 JCSAPR-9 CSAPR-9 JTCTPR-9 TCTPR-9 
Dy(1) [1] 1.285 8.048 2.212 1.261 3.827 2.234 
Dy(2) [2] 1.327 9.657 1.778 1.434 2.750 1.238 
Dy(1) [4] 1.896 7.921 3.471 2.064 3.534 1.964 
 
 The best polyhedron for both DyIII ions (Dy(1) and 
Dy(1’)) in Cu9Dy2 (1) are described as capped square an-
tiprisms (1.26%), as highlighted in Figure 6, although a 
muffin geometry is also very close (1.28%) (see Table 4). 
The two DyIII ions (Dy(1) and Dy(1’)) in Cu2Dy2 (4) how-
ever are approximated as muffin conformation with a very 
close deviation for being tricapped trigonal prismatic, due 
to the two coordinating nitrate anions, see Figure 6. The 
coordination environment for the DyIII ions of compounds 
5 and 6 due to their similarity to 4 will not be shown sepa-
rately. 
 
Figure 7. Coordination polyhedron surrounding Dy(1), lead-
ing to a capped square antiprism in Cu9Dy2 (1) (left) and a 
muffin-shaped surrounding Dy(1) in Cu2Dy2 (4) (right).
  
 The two DyIII ions (Dy(1) and Dy(2)) in the Cu3Dy2 
complex (2), are obviously different from just a first look 
at the structure. While Dy(1) exhibits an eight-coordinate 
environment, Dy(2) has a nine-coordinate ligand sphere, 
similar to the environments around the DyIII ions in the pre-
viously published Cu3Dy2 complex.53 Dy(1) is very close to 
a square antiprismatic environment, which can also be eas-
ily visualized from Figure 7, while the shape of Dy(2) is 
much closer to a tricapped trigonal prism, but again the de-
viation from a muffin shape is quite small, see Figure 7 and 
Table 4. 
  
Figure 7. Coordination polyhedron surrounding of the square-an-
tiprismatic Dy(1) (left) and the tricapped trigonal prismatic Dy(2) 
(right) in Cu3Dy2 (2). 
 SHAPE86 is particularly helpful to estimate the shapes 
of the coordination polyhedral, especially in the compli-
cated Cu5Dy5 (3) structure with its different ligand envi-
ronments, but all being surrounded by eight coordinating 
atoms. Although there is still a deviation between 1.01-
2.47%, Dy(2)-Dy(5) (see Table 3) all four show a triangu-
lar dodecahedral environment (see Figure 8), with Dy(3) 
and Dy(5) showing a deviation less than 1.3%. While 
Dy(4) and Dy(5) are completely surrounded by atoms pro-
vided from Schiff base ligands, Dy(1) needs a coordinating 
methanol molecule, O(43) to complete its coordination 
sphere, and similarly Dy(2) and Dy(3) are coordinated to 
one further nitrate. Dy(1) approximates better to a biaug-
mented trigonal prismatic coordination sphere, with 1.5% 
deviation from the perfect shape (Table 4), which is high-
lighted in Figure 8 in a slightly paler purple to emphasize 
the difference. 
 
Figure 6. Coordination polyhedra surrounding the five DyIII ions 
in Cu5Dy5 (3), with Dy(1) highlighted in a slightly paler purple. 
The Dy polyhedra for Dy(6) to Dy(10) in cluster 2 are very similar. 
 
 For completeness, the coordination environment 
around each CuII ion within complexes 1 to 4 will also be 
described here. The environment of the CuII ions within 
complex 1 have been described elsewhere.29 The results of 
the SHAPE86 analysis are shown in Table S4, see ESI. In 
the asymmetric complex 2 all three CuII ions show different 
coordination polyhedra (see Figure 10). Cu(1) has a 4 + 2 
distorted octahedral coordination sphere with oxygen at-
oms on the elongated Jahn-Teller (JT) axis. This JT axis is 
additionally bent to one side, leading to a deviation from a 
perfect octahedron of 6.7%. Although Cu(2) and Cu(3) 
have both five coordinating atoms around them, they show 
very different coordination polyhedra. While Cu(2) shows 
a distorted trigonal-bipyramidal environment (deviation 
from the perfect trigonal-bipyramidal environment of 
4.1%), Cu(3) exhibits a square-pyramidal shape with an 
elongated bond to the bromide ion in the axial position (de-
viation 3.3%). 
  
 
Figure 9. Coordination polyhedra surrounding the different CuII 
ions in Cu3Dy2 (2) (top line), in Cu5Dy5 (3) (bottom left) and 
Cu2Dy2 (4) (bottom right) (square-planar coordination environ-
ments are shown in Figure S1 (see ESI)). 
 
 In the case of Cu5Dy5 (3), four out of five Cu
II ions ex-
hibit a square-planar environment (see ESI, Figure S1), 
with the deviation from the perfect square of 0.840% for 
Cu(2), 0.298% for Cu(3), 0.258% for Cu(4) and 0.245% 
for Cu(5), approximated with SHAPE.86 Only Cu(1), 
which is part of the pseudo-cube with Dy(1), Dy(3) and 
Dy(4) shows a different environment and approximates 
better to a square-pyramid, but still shows a deviation of 
2.8% from the perfect environment (see Figure 10). All 
CuII ions within the complex are surrounded by one ligand 
and incorporated into pocket 1, defined by the phenoxo ox-
ygen and the imine nitrogen and one diol oxygen, so that 
75% of the square-planar environment of Cu(2) to Cu(4) is 
already provided. In the case of Cu(1) the ligand pocket 
consists of N(4), O(21) and O(23), see Figure 2 and 10, 
occupying the equatorial positions. 
 Both CuII ions within Cu2Dy2 (4) are equivalent due to 
the inversion center within the molecule. Their polyhedral 
approximate to a square-pyramidal environment, where the 
axial bond is slightly elongated, leading to a deviation from 
the perfect square-pyramid of 2.2%. 
 
Magnetic Properties.  
 Magnetic susceptibilities of polycrystalline samples of 
all compounds were measured and will be described here. 
The temperature dependence of T for compounds 2-4 are 
shown in Figure 10.  
 The magnetic data of Cu9Dy2 (1) are already pub-
lished,29 but for completeness the magnetic behavior will 
be briefly described here.Cu9Dy2 (1) shows dominant fer-
romagnetic interactions as seen from the shape of the MT 
vs. T plot, leading to a ferrimagnetic spin topology 
amongst the metal centers. From the AC susceptibility 
measurements and fits of the Cole-Cole plot, the energy 
 barrier of this SMM was fitted with the help of the Arrhe-
nius equation leading to Ueff = 16.1 K and 0 = 3.6.10-7 s (R 
= 0.99). 
 
Figure 10. Temperature dependence of the MT product at 1000 Oe 
for Cu3Dy2 (2) (pink), Cu5Dy5 (3) (purple) and Cu2Dy2 (4) (green). 
 The static (dc) magnetic properties for Cu3Dy2 (2), 
Cu5Dy5 (3) and Cu2Dy2 (4) were studied between 1.9 and 
300 K under an applied field of 1000 Oe (Figure 11). The 
MT value of 29.3 cm3K/mol at room temperature for 2 is 
in good agreement with what is expected for three non-in-
teracting CuII (S = ½, g = 2, C = 0.375 cm3K/mol) and two 
DyIII (S = 5/2, 6H15/2, g = 4/3, C = 14.17 cm
3K/mol) ions 
(29.5 cm3K/mol). Upon lowering the temperature, the MT 
product decreases until it reaches a plateau between 12.0 to 
6.0 K with a value of 22.3 cm3K/mol value. Upon further 
cooling, the MT value continuously decreases to reach a 
value of 21.3 cm3K/mol at 1.9 K.  
 In the case of Cu5Dy5 (3) the MT product of 72.2 
cm3K/mol at room temperature is in good agreement with 
the expected value of 72.7 cm3K/mol for five non-interact-
ing CuII and five non-interacting DyIII ions (Figure 11). On 
lowering the temperature, the MT product of 3 decreases 
steadily until it reaches the minimum value of 67.2 
cm3K/mol at 28 K. On further cooling, the MT value 
sharply increases to reach a value of 75.5 cm3 K/mol at 1.9 
K. This behavior is indicative of ferromagnetic interactions 
between the metal ions. 
 In case of Cu2Dy2 (4) the MT product at high tempera-
ture is practically constant upon cooling at a value of 
28.1 cm3K/mol (Figure 11) which is in line with the ex-
pected value for two CuII and two DyIII uncoupled ions 
(29.1 cm3K/mol). The sharp decrease below 26 K in the 
MT values can be attributed to the combined effect of lig-
and-field splitting, antiferromagnetic interactions and Zee-
man saturation effects. By plotting the MT product against 
a logarithmic temperature scale (Figure S2, ESI), it be-
comes more obvious that the MT product is heading to-
wards 0 on lowering the temperature which is indicative of 
a spin ground state of S = 0.  
 Kahn et al.87 concluded that in CuII-LnIII clusters con-
taining a LnIII ion with the 4f1-4f6 configuration, a parallel 
alignment of the spin momenta would lead to an antiparal-
lel alignment of the angular momenta, leading to an overall 
antiferromagnetic interaction, while for the LnIII ions with 
the 4f8-4f13 configurations a parallel alignment of the spin 
momenta would result in an overall ferromagnetic interac-
tion. This was synthetically shown in literature for dimeric 
Schiff base complexes based on o-vanillin containing one 
CuII ion in pocket 1 and one DyIII ion in pocket 2 (according 
Scheme 1), where the metal centers are ferromagnetically 
coupled.21,68,88–93 Cu2Dy2 (4) is built up from two dimeric 
CuII-DyIII units which are linked together through the cen-
tral CuII dimer. If both CuII-DyIII units are ferromagneti-
cally coupled, as seen in in the literature for several com-
pounds,21,68,88–93 the coupling between these two dimeric 
units must be strongly antiferromagnetic, to explain the ob-
served MT product (Figure 11). 
 Field dependence of magnetization was measured be-
tween 2.0 and 5.0 K and the plots are shown in Figure S3 
for complex 2 and 3. In the case of Cu3Dy2 (2) and Cu5Dy5 
(3), the lack of saturation in the magnetization values indi-
cates the presence of significant magnetic anisotropy 
and/or low-lying excited states. The values of the isotherms 
rapidly increase at low field before following a more grad-
ual linear increase after 1.0 T without saturation reaching 
at 7.0 T and 2.0 K a value of 11.3 B for 2 and a value of 
31.0 B for 3. The anisotropy present in both compounds 
can be seen from the reduced magnetization plots shown as 
M vs. H/T (see Figure S2, ESI) which clearly do not super-
pose on to a single master curve.  
 For compound 4, the Cu2Dy2 butterfly, the field de-
pendence of magnetization was measured between 2.0 and 
5.0 K and the plots are shown in Figure S3. The different 
isotherms show no saturation up to 7.0 T, but exhibit an S-
shaped profile, especially in the 2.0 K isotherm, which is 
indicative for slow magnetic relaxation and/or presence of 
a transition between to different magnetic states. For the 
higher temperature isotherms, the values rapidly increase 
at small fields before following a more gradual linear in-
crease after 1.0 T without clear saturation. This S-shaped 
curve progression made us have a closer look into the first 
derivative of the magnetization curves with respect to the 
applied field, see Figure S4, ESI. In the 2.0 K isotherm a 
clear maximum is visible at 1.0 T, indicating a likely pres-
ence of a transition between to different magnetic states.27  
 In order to investigate the presence of slow relaxation 
of the magnetization which may originate from SMM be-
havior, ac magnetic susceptibility measurements were per-
formed on Cu3Dy2 (2), Cu5Dy5 (3) and Cu2Dy2 (4). In at-
tempts to suppress any quantum tunneling of the magneti-
zation (QTM), the frequency-dependent ac susceptibility 
was measured with varying applied field (Figure S5 to S7). 
The in-phase and out-of-phase ac susceptibility of Cu3Dy2 
(2) shows field-dependent signals, but the optimum field 
could not be established (see Figure S5, ESI).  In the case 
of Cu5Dy5 (3), the out-of phase susceptibility shows field-
dependent signals. Although the maximum could not be 
found within the measurable frequency window, it is clear 
that the optimum field where the QTM is smallest is at 500 
Oe (see Figure S6, ESI). For the Cu2Dy2 complex, 4, clear 
maxima were observed, and the optimum field where the 
 quantum tunneling is smallest was found to be 1500 Oe for 
Cu2Dy2 (4) (see Figure S7, ESI).  
 For complex 3, ac measurements were carried out under 
an applied field of 500 Oe and the out-of-phase suscepti-
bility signal is shown in Figure 11 (see Figure S8, ESI). In 
this case, the out-of-phase signal displays temperature-de-
pendence with no peaks observed within the measurable 
frequency window and therefore cannot be analyzed with 
an Arrhenius fit. 
 
Figure 11. Frequency dependence of the out-of-phase 
susceptibility of Cu5Dy5 (3) under a 1500 Oe field in a temperature 
range between 2.0 and 4.0 K. 
 
Figure 12. Plot of ln(''/') versus 1/T for the Cu5Dy5 complex 
3. The grey solid lines represent the fitted results over the 
range of 800 - 1500 Hz and 2.4 - 3.8 K (bottom). 
 
 We then used the method proposed by Bartolomé et 
al.94,95 to estimate the energy barrier and the characteristic 
relaxation time. This method is based on the assumption 
that there is only one relaxation process of the Debye type, 
and Ueff and 0 are given by ln(''/') = ln(0) + Ueff/kBT, 
which is based on the Kramers-Kronig equation.94,95 We 
have used the ' and '' at high frequencies 
(and 800 Hz) and at different tem-
perature values (T = 2.7, 2.9, 3.2, 3.5 and 3.8 K) to con-
struct a ln(''/') vs 1/T plot (see Figure 12), where = 
2) is the angular frequency of the ac field. Fitting the 
data for the highest temperature values, leading to almost 
parallel lines, which indicate one single process in that tem-
perature regime. At lower temperatures, secondary effects 
such as QTM may also occur. The average of the obtained 
parameters gave Ueff ~ 8.1 K and 0 ~ 9.7.10-7 s. For further 
details see Supporting Information, S5. 
 For the Cu2Dy2 complex (4), the ac measurements were 
carried out under a dc field of 1500 Oe and reveal temper-
ature dependent in- and out-of-phase signals over the 
whole applied temperature range (Figure S9 and Figure 
13). The frequency dependent out-of phase susceptibility 
signals show clear maxima between 2.0 and 2.8 K, see Fig-
ure 14, which were used to determine the energy barrier 
using an Arrhenius fit, Figure 14 (inset), giving Ueff = 
16.5 K and = 4.5.10-7 s (R = 0.99). 
 
Figure 13. Frequency dependence of the out-of-phase 
susceptibility of Cu2Dy2 (4) under a 1500 Oe field in a temperature 
range between 2.0 and 4.0 K and Arrhenius fit (inset). 
   
Conclusions  
 In summary, six complexes with three slightly different 
ligands have been synthesized and characterized. The re-
sults show that there is an influence from using different 
copper sources, leading to the same structural motif when 
using Cu(NO3)3, while the use of CuBr2 leads to three 
structurally unrelated complexes with this set of ligands. 
Additionally, there is also a steric influence arising from 
the nature of the alkyl residue on going from HL2 (methyl) 
to HL3 (ethyl). The topological analysis reveals that 
Cu9Dy2 1 and Cu5Dy5 3 are not related to any structural 
motif reported so far, whereas 2 is the second example 
within the Cu/Dy literature. Table 2 gives a summary of all 
Cu/Dy complexes published so far and can therefore be 
used as a database. From a topological point of view, com-
plex 1 forms an extension of the topology previously ob-
served for a Cu5Gd2 copound
28 and 2 has the same topology 
as the previously described Cu3Dy2,
53 whilst the topology 
of 3 is completely new. Cu2Dy2 4 shows a well-known but-
terfly motif. All complexes show frequency-dependent 
out-of phase ac susceptibility signals, which is an indicator 
for SMM behavior. Complex 3, Cu5Dy5, displays tempera-
ture-dependent out-of-phase signals with no maxima ob-
served within the measurable frequency window, therefore 
 the method proposed by Bartolomé et al. was used to esti-
mate the energy barrier and the characteristic relaxation 
time, while in the case of the butterfly structure Cu2Dy2, 4, 
out-of phase susceptibility signals show clear maxima 
which were used to determine the energy barrier using an 
Arrhenius fit. 
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Based on an attempt to show the influence of a sterical group on a quite flexible ligand, we can show a family of 
structures which were formed by similar reaction conditions, where even small changes from a hydrogen atom 
over to a methyl to an ethyl group on the ligand has influence on the structure, depending on the used metal 
source. 
